Splenectomy results in an increased risk of sepsis. The autogenous transplant of the spleen is an option for preserving splenic functions after total splenectomy. In this study, the capacity of animals undergoing autogenous spleen transplantation to respond to Staphylococcus aureus infection was investigated. BALB/c mice were divided into three groups: splenectomy followed by autotransplantation in the retroperitonium (AT), splenectomized only (SP) and operated non-splenectomized sham control (CT). Thirty days after surgery the mice were infected intravenously with S. aureus. Splenectomized mice had a higher number of colony-forming units (CFU) of S. aureus in liver and lungs in comparison with either AT or with CT mice (P < 0·05). Higher CFU numbers in lung of SP mice correlated with elevated production of interleukin-10 associated with a lower production of interferon-g and tumour necrosis factor-a. However, systemically, the level of tumour necrosis factor-a was higher in the SP group than in CT or AT. Lower titres of specific anti-S. aureus immunoglobulin (Ig)M and IgG1 were observed 6 days after infection in SP mice in comparison either with the AT or CT groups. Thus, splenectomy is detrimental to the immune response of BALB/c mice against infection by S. aureus which can be re-established by autogenous implantation of the spleen.
Introduction
Misconceptions about the spleen have hindered the development of knowledge about its function and importance for the organism. For a long time the spleen was regarded as a superfluous organ, which could be removed without side effects [1] . A change in attitude began with the description of overwhelming post-splenectomy infection [2] . Overwhelming infection is a serious clinical situation, occurring 58 times more frequently in patients subjected to splenectomy than in the general population, harming mainly children [3] . The adult spleen is perfused with more than 200 ml of blood per minute and functions as a filter that prolongs contact time of blood cells and molecules with splenic phagocytes, thereby facilitating phagocytosis and presentation of foreign antigens [4, 5] .
Evaluation of the impact of splenic autotransplantation technique is justified due to the high incidence of total splenectomies. The spleen is the organ most affected in closed abdominal trauma, and is also highly susceptible to iatrogenic injuries [6] . Haematological indications for splenectomy result in high incidence of sepsis and death after infection by Pneumococcus, Meningococcus, Escherichia coli, Haemophilus influenza, Staphylococcus and Streptococcus [5, 7, 8] . The idea of distributing spleen segments into different sites in the abdomen is not new. It is based on splenosis, which is the implantation of splenic tissue fragments resulting from trauma [9] .
In order to maintain splenic function, autogenous splenic implantation into various sites including the subcutaneous tissue, retroperitoneum, rectal muscle and the greater omentum have been described [10] . The greater omentum has been used most commonly, but neither histological and immunological patterns nor graft acceptance have been found to differ significantly between the greater omentum and the retroperitoneum [11] .
Complications of the spleen autotransplant in the greater omentum have been described, such as cases of torsion of the implants, anaemia and subphrenic abscesses due to necrosis of the implanted tissue, and the retroperitoneum presented higher technical facility when compared with the greater omentum [10, 11] .
The S. aureus, a Gram-positive bacterium that can inhabit the skin and mucous membranes without causing pathologies, can also induce possibly fatal diseases, mainly through toxin liberation. This bacterium was chosen as infection model due to its importance to immunocompromised patients, being one of the most important agents causing community-and hospital-acquired infections, including pneumonia [12] . The critical role of neutrophils in the defence against staphylococcal infection is supported by recurrent infections in individuals with chronic granulomatous disease and by studies with neutrophil-depleted mice [13] . In vitro studies have shown that killing of S. aureus by neutrophils is not optimal unless antibodies and other opsonins are present. Clinical studies in splenectomized patients have shown that there is an immediate and prolonged fall in plasma tuftzin levels, which leads to a defect in neutrophil phagocytosis and a defective complement activation via the alternative pathway [14, 15] .
Interferon (IFN)-g and interleukin (IL)-10 are among the cytokines capable of modulating the immune response, providing activation of effector mechanisms or anergy during the immune response against microbial antigens [16] . IFN-g enhances the microbicidal function of macrophages, and stimulates the expression of high-affinity receptors for immunoglobulin (Ig)G and complement proteins. IgG and complement molecules are involved in the opsonization and phagocytosis of particulate microbes [17] . IL-10 has been identified as a crucial modulator of inflammatory responses. IL-10 inhibits bactericidal activity in vitro by blocking endogenous production of tumour necrosis factor (TNF)-a [18] . TNF-a has been shown to act in combating bacterial infections. It is a key cytokine in the development of inflammatory responses, enhancing the expression of adhesion molecules aside from inducing the production of chemokines in endothelial cells, and recruiting phagocytes to the infection site. TNF-a, when released at systemic levels, as in sepsis provoked by Gramnegative bacteria, is considered detrimental to the host [19, 20] .
The purpose of this study was to evaluate whether the autogenous splenic graft in the retroperitoneum can restore immunological functions of splenectomized mice during S. aureus infection and to seek the possible mechanisms related to the restoration of these functions. In this paper, splenic graft is shown to modulate the number of S. aureus and this effect could be associated with the cytokine profile described locally and systemically, and with the serum levels of IgM and IgG1 in infected mice possessing or lacking spleen.
Material and methods

Animals and surgical protocol
Experiments were performed with female BALB/c mice from 8 to 10 weeks old. The animals were grouped in the following way: (i) control group (CT), 11 mice subjected to midline laparotomy with subsequent laparorrhaphy; (ii) splenectomized group (SP), 11 mice subjected to splenectomy; and (iii) autotransplanted group (AT), 11 mice subjected to splenectomy and autotransplantation in the retroperitoneum. After anaesthesia (0·9 NaCl, 2% xylazine, 5% ketamine, injected intraperitoneally), a midline laparotomy was performed with subsequent splenectomy and binding of the vascular pedicle and short vessels with 5·0 catgut (Shalon, Goiânia, Brazil). All operations were performed under sterile conditions. The spleen was cut into six slices about 2·5 mm thick and kept in physiological saline at room temperature. In the AT group, the retroperitoneum was opened near the left kidney, and two pieces were placed close to the large abdominal blood vessel without fixation [11] . Skin closure was performed using a 4·0 running polyglactin suture. In the CT group, midline laparotomy, spleen mobilization and isolation of splenic vessels with subsequent laparorrhaphy was performed. The project was approved by the Committee for Ethics in Animal Experimentation of the Federal University of Juiz de Fora (no. 14/2003).
Infection and colony-forming units score
Thirty days after surgery, six mice of each group were infected by intravenous bolus injection of 5 ¥ 10 6 colonyforming units (CFU) of S. aureus (ATCC 25923) obtained from the National Institute of Quality Control in Health (Oswaldo Cruz foundation, Rio de Janeiro). Animals were then killed 6 days after infection. Lungs and livers fragments from individual animals were homogenized in phosphatebuffered saline (PBS), serially diluted 10-fold and plated on mannitol. The mannitol salt agar (Oxoid, Basingstoke, Hampshire, UK) was prepared according to the manufacturer's instructions. This medium was dispensed into six-well plates (Corning Inc., Corning, NY, USA), and incubated at 37°C. CFU numbers were counted visually after 2 days' culture.
Myeloperoxidase assay
The relative extent of neutrophil accumulation in the lungs was measured indirectly by assaying myeloperoxidase (MPO) activity, as described previously [21] . Briefly, a portion of the left lung was removed and snap-frozen in liquid nitrogen. Upon thawing, the tissue (0·1 g of tissue per 1·9 ml buffer) was homogenized in pH 4·7 buffer (0·1 M NaCl, 0·2 M NaPO4, 0·015 M Na ethylenediamine tetraacetic acid), centrifuged at 3000 g for 10 min and the pellet subjected to hypotonic lyses. After a further centrifugation, the pellet was resuspended in 0·05 M NaPO4 buffer (pH 5·4) containing 0·5% hexadecyltrimethylammonium bromide. Results were expressed as change in optical density (OD) per milligram wet tissue.
N-acetylglucosaminidase assay
Infiltration of mononuclear cells in the lungs was quantified indirectly by measuring the levels of lysosomal enzyme N-acetylglucosaminidase (NAG) present at high levels in activated macrophages [22] . Pellets obtained after the centrifugation of lung homogenates were suspended in 2·0 ml cooled saline containing 0·1% v/v Triton X-100, vortexhomogenized and centrifuged at 4°C for 10 min at 1500 g. Samples of the resulting supernatant (100 ml) were incubated for 10 min with 100 ml of 2·24 mM p-nitrophenyl-Nacetyl-b-d-glucosaminide (Sigma-Aldrich, St. Louis, MO, USA), prepared in 0·1 M citrate/phosphate buffer (pH 4·5). The reaction was terminated by the addition of 100 ml 0·2 M glycine buffer pH 10·6. Hydrolysis of the substrate was determined by measuring the colour absorption at 405 nm. NAG activity was expressed as change in OD per milligram wet tissue.
Histological investigation and morphometric analysis
Lung specimens were fixed in 10% neutrally buffered formalin and embedded with paraffin for haematoxylin and eosin (H&E) staining. Histological cuts about 3 mm thick were removed from all the blocks and dyed with H&E staining. The inflammatory infiltration area in the lungs (morphometric analysis) was measured on 10 randomly chosen microscopic fields at ¥100 magnification with the help of NIH Image Analysis software (version 1·61) (Bethesda, MD, USA) as the mean of area of inflammatory infiltrations divided by area of field analysed (Aii/At).
The IFN-g, TNF-a and IL-10 detection by enzyme-linked immunosorbent assay
Lung and liver samples were homogenized in Hank's balanced salt solution containing protease inhibitor cocktail (100 ml/10 ml; Sigma-Aldrich) in a ratio of 0·1 g of tissue in 1 ml of the solution, and centrifuged at 2000 g at 4°C to collect the supernatant which was stored at -70°C in 100 ml aliquots. Blood was collected (approximately 300 ml/mouse) by retroorbital plexus sampling into microtubes (Axygen, Union City, CA, USA) containing 10% final volume of 3% sodium citrate (w/v) at different times after infection (24 h, 48 h and 6 days) using sodium citrate-pretreated Pasteur pipettes. Plasma samples were separated by centrifugation at 300 g for 30 min and frozen at immediately -70°C. Spleens and spleen fragments were macerated and passed through steel mesh to obtain single-cell suspensions. The cells were washed twice with sterile PBS then cultured in RPMI-1640 medium supplemented with penicillin G-sodium (100 U/ml), streptomycin sulphate (100 mg/ml), amphotericin B (250 ng/ml) and 10% fetal bovine serum and then placed at 2 ¥ 10 5 cells/well in 96-well tissue culture plates. Murine IFN-g, TNF-a and IL-10 levels were determined in plasma, in the supernatant of splenocytes and in macerated lung and liver by enzyme-linked immunosorbent assay (ELISA) as described by the manufacturer (R&D Systems, Minneapolis, MN, USA).
Specific antibody detection
Mice were bled 6 days after infection, and individual sera were tested for antibody responses by ELISA. Plates (96-well) (Maxisorp; Nunc, Rochester, NY, USA) were incubated overnight with whole cell lysate S. aureus antigen at 10 mg/ml in carbonate-bicarbonate buffer, pH 9·6, at 4°C. Then, blocking solution [PBS containing Tween 20 (0·05%) plus 10% fetal bovine serum] was added for 2 h at 37°C. Sera from infected mice were diluted 1 : 100 in PBS-Tween 20, added to plates and incubated for 2 h at 37°C. To determine total serum IgM and IgG1, plates were treated with peroxidase-conjugated goat anti-mouse IgM molecule (1:10 000; Sigma) or peroxidase-conjugated goat anti-mouse IgG1. The reaction mixture was developed by the addition of 200 mmol of o-phenylenediamine (Sigma) and 0·04% H2O2. The reaction was stopped by the addition of 5% H2SO4 and plates were then read at 492 nm using an ELISA reader (SPECTRAMAX 190; Molecular Devices, Sunnyvale, CA, USA).
Statistical analysis
Normality of data was confirmed by a cumulative normal probability plot and Kolmogorov-Smirnov test. All results are expressed as mean Ϯ standard error of the mean (s.e.m.). Statistical analyses were performed with Student's t-test for parametric values or Mann-Whitney U-test for nonparametric values using the GraphPad Prism 5·00 for Windows (GraphPad Software, San Diego, CA, USA).
Results
The S. aureus CFU in liver and lungs
The number of S. aureus CFU in liver and lungs of infected BALB/c mice was evaluated 6 days after infection. Figure 1 shows that a higher number of S. aureus CFU in liver and lungs was observed in the SP group in comparison with either the CT group or the group splenectomized and subsequently receiving autotransplant (AT). Our data indicate that the number of S. aureus CFU in liver and lungs is similar in the CT or AT infected groups, suggesting that splenic autotransplantation can restore the immune response against S. aureus infection after splenectomy.
The role of spleen in S. aureus infection
Detection of MPO and NAG activity in lung homogenates and morphometric analysis of inflammatory infiltration in the lungs
The MPO and the NAG activities were assayed in left lung homogenates of SP, AT and CT mice infected with S. aureus. The relative quantities of MPO present in the lungs, an indirect indicator of the number of infiltrating neutrophils, was only slightly increased in the SP infected mice (0·92 Ϯ 0·09 absorbance/100 mg tissue) in relation to the AT (0·75 Ϯ 0·09) and CT (0·74 Ϯ 0·1) infected groups (Fig. 2a) . The relative levels of NAG, an indirect indicator of the number of infiltrating macrophages, was slightly augmented in SP infected mice (1·07 Ϯ 0·06) in comparison with the AT group (0·98 Ϯ 0·04) and significantly higher in comparison with the CT (0·91 Ϯ 0·02) group (Fig. 2b) . Although not differing markedly in the MPO and NAG assays, the SP infected mice showed expansion of inflammatory infiltrations in the lungs (0·22 Ϯ 0·01 Aii/At), which was significantly greater than that observed in the CT group (0·12 Ϯ 0·01), but did not differ from the inflammatory infiltration area observed in the AT group (0·20 Ϯ 0·02) at day 6 post-infection, as demonstrated by histopathology (Fig. 2c-e) .
Cytokine profile
The IFN-g, TNF-a and IL-10 secretion induced by S. aureus infection was quantified in plasma from the SP, AT and CT infected groups. Cytokine production was measured by ELISA. Higher levels of IFN-g were detected in the plasma of the AT and the CT groups, both at 24 h and 48 h after infection, in comparison with the SP group. At 6 days of infection levels of IFN-g increased markedly in the SP group, but did not differ significantly from those observed in CT and AT groups (Fig. 3a) . IL-10 levels in plasma, in contrast, were significantly higher only in SP mice 24 h after infection in comparison with CT mice (Fig. 3b) . Plasma levels of TNF-a were higher in SP mice after 48 h and after 6 days of infection in comparison with both AT and CT groups (Fig. 3c) . Loss of weight was most dramatic in SP infected mice, although also notable in the AT infected group (Fig. 3d) . These data suggest a systemic effect of increased TNF-a production in weight loss, as shown in previous work in other diseases [23] .
The IFN-g, TNF-a and IL-10 were measured in liver and lung homogenates 6 days after S. aureus infection. Higher levels of IFN-g were detected in lung and liver homogenates from the CT infected mice (3480 Ϯ 124 and 6209 Ϯ 268 respectively). IFN-g production was also higher in the lung of AT mice (2894 Ϯ 75), in comparison with the SP group (1093 Ϯ 39, P < 0·05). Similar levels of IFN-g were detected in liver homogenates of AT (4299 Ϯ 134) and SP (4305 Ϯ 136) groups (Fig. 4a) . Figure 4b shows that TNF-a production was lower in the lung and higher in the liver of SP mice (808 Ϯ 20 and 2225 Ϯ 176 respectively) in relation to the CT (1861 Ϯ 56 and 1518 Ϯ 61) and AT (1689 Ϯ 50 and 1804 Ϯ 176) groups. IL-10 levels in lung homogenates were higher in SP mice (1540 Ϯ 40) in comparison with either the CT (920 Ϯ 20) or AT groups (840 Ϯ 20) (P < 0·05). There was no significant difference for IL-10 production in the liver of the three groups studied (Fig. 4c) .
Levels of IFN-g in supernatants of spleen cell cultures were similar between the CT (439 Ϯ 37) and AT (442 Ϯ 18) mice, suggesting that the IFN-g response in implanted splenic tissue is as efficient as in the intact spleen.
Serum levels of S. aureus-specific IgM and IgG1 antibodies
The levels of anti-S. aureus antibodies in the serum of infected mice differed significantly among the three groups studied. The control group showed the highest level of S. aureus-specific IgG1 (0·25 Ϯ 0·02) and IgM (0·72 Ϯ 0·01). The AT group showed an intermediary level of anti-S. aureus IgG1 (0·11 Ϯ 0·02) and IgM (0·50 Ϯ 0·03), while the SP group showed the lowest levels of IgG1 (0·06 Ϯ 0·01) and IgM (0·26 Ϯ 0·01) (Fig. 5) . These levels in the AT group, although not as high as found in the CT group, demonstrate the function of the humoral immune system in recipients of autotransplant.
Discussion
The current study presents as main contribution the following findings: (i) infection by S. aureus in splenectomized (SP) mice resulted in higher CFU numbers in the liver and lungs when compared with mice splenectomized and receiving spleen autotransplant (AT) and when compared with CT animals; (ii) analysis of the MPO and NAG assays showed that all the groups studied presented similar influx of neutrophils and macrophages in lungs after S. aureus infection; however, the morphometric analysis indicated a greater inflammatory area in SP and AT mice compared with CT mice; (iii) SP animals showed a lower production of IFN-g in plasma and lungs associated with a higher production of TNF-a in plasma and IL-10 in lungs; and (iv) levels of specific S. aureus IgM and IgG1 production were significantly lower in the SP group when compared with AT and CT mice.
Results of CFU measurements in splenectomized mice after bacterial infections have been controversial. Eskitürk and collaborators [24] have contested the importance of the spleen for protection against pulmonary sepsis provoked by intranasal infection with Pseudomonas aeruginosa. Kuranaga et al. demonstrated that splenectomy could reduce the growth of Listeria monocytogenes after intravenous infection [25] . However, in our understanding, there is strong evidence demonstrating the participation of the spleen in protecting against Gram-positive and Gram-negative bacterial infections [7, 8, 26, 27] . This is the first study showing that autogenous implantation of the spleen can enhance the host capacity to control S. aureus infection.
The MPO and NAG assays demonstrated that the intravenous S. aureus infection caused a strong influx of neutrophils and macrophages into the lungs of all groups of mice studied. The SP group had a predominant influx of macrophages. Morphometric analysis indicated that the area of inflammation was greater for the SP and AT groups. This greater inflammatory area in AT mice seems to be due in part to a high influx of B cells (data not shown). The extension of the inflammatory infiltrate in the lungs of the infected animals seems to be proportional to the number of bacteria present in the tissue. This can explain the largest infiltrate in the SP group. The production of MPO and NAG, in spite of showing a small increase in the SP group, did not differ remarkably from the CT and AT groups. Our findings suggest the possibility that there are differences in the degree The inflammatory infiltration area was measured as described previously. *P < 0·05 versus non-infected; #P < 0·05 versus control group. Bar = 100 mm.
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The role of spleen in S. aureus infection of activation of the cells present in the infiltrate, as those enzymes are increased in activated cells.
To look for indicators of cell activation associated possibly with resistance to S. aureus infection after splenectomy, we compared the production of cytokines in SP, AT and CT groups. Lower IFN-g and TNF-a levels observed in the lungs of SP mice may be associated with a reduced macrophage activation at the site of infection which facilitates bacterial growth. IFN-g production was similar in spleen cells after infection with S. aureus in AT and CT mice, which suggests that autotransplantation does not affect the IFN-g response. The presence of lipoteicoic acid on the surface of S. aureus enables recognition of these pathogens through Toll-like receptor 2 [28] . Signalling by these receptors stimulates the production of IL-12 which, in turn, stimulates secretion of IFN-g. The low production of IFN-g by SP mice and their greater susceptibility to infection suggest a fundamental role of the spleen in the resistance to infection by S. aureus, confirming findings which indicate their importance in the activation of the immune response to blood-borne pathogens [29, 30] .
Animals of the SP group infected with S. aureus had less production of TNF-a in the lungs, which contrasted with the elevated levels of this cytokine in the liver and in the plasma. These data suggest a greater production of this cytokine at systemic level, which is associated with the loss of weight in these mice. Our data agree with the results observed in the literature, which demonstrate that TNF-a can play a protective role in infections caused by S. aureus; however, it is damaging to the host when released into the bloodstream [31, 32] .
Elevated levels of IL-10 are associated with higher S. aureus CFU numbers detected in the lungs of SP mice, and are in accordance with findings reported by Lau et al. [33] . These authors demonstrated that asplenic animals have a defect in bactericidal and phagocytic activities of alveolar macrophages. In fact, pulmonary lymph nodes in splenectomized mice are replenished with more live bacteria than in sham operated mice in response to a pneumococcal aerosol challenge [34] . Some authors have observed that abdominal sepsis syndrome resulted in significant impairment in alveolar macrophage effector cell function, which is mediated, in part, by sepsisinduced expression of IL-10. However, there is a consensus on the importance of this cytokine in the control of immune response, in the resolution of infection, avoiding the accumulation of lesions in the tissue [35] . The spleen is vital for first-line defence, being especially equipped for rapid humoral immune responses against blood-borne antigens. Once coated with complement, bacteria and viruses become circulating immune complexes [36] . The low levels of IgM and IgG1 found in the splenectomized mice, both in our study and in other reports found in the literature [4, 11, 26, 27, 36] , indicate the possibility of low opsonization or removal of immunocomplexes in the spleen and the liver, compromising phagocytosis and microbial clearance by phagocytes [37] . Sipka et al. showed that splenectomy increases the number of neutrophils in the periphery, but the presence of a transplanted spleen can partially counteract this effect. However, despite the lower number of neutrophils, the phagocytic activity of these cells seems to be higher in autotransplanted and control animals than in splenectomized mice [38] . As demonstrated previously, asplenic patients have a higher level of circulating immune complexes than normal subjects [39] .
The incapacity of asplenic individuals to mount an appropriate immune response after vaccination, together with the need for the use of antibiotics and the incidence of infections in these individuals, is an indication of the importance of the autotransplant approach in the case of trauma or damage to the spleen [40, 41] . Our results indicate that the spleen autotransplant technique is an alternative strategy when total splenectomy is inevitable and partial splenectomy is not viable, in order to maintain splenic function and a better prognosis in the combat of the infections caused by S. aureus and other pathogens. Anti-S. aureus IgM and IgG1 antibodies were evaluated in serum at day 6 post-infection by enzyme-linked immunosorbent assay. Data represent means of six mice from a representative experiment. *P < 0·05 versus CT and AT groups; #P < 0·05 versus CT.
